The microphysics module of the version of the Regional Atmospheric Modeling System (RAMS) maintained at Colorado State University has undergone a series of improvements, including the addition of a large-clouddroplet mode from 40 to 80 m in diameter and the prognostic number concentration of cloud droplets through activation of cloud condensation nuclei (CCN) and giant CCN (GCCN). The large-droplet mode was included to represent the dual modes of cloud droplets that often appear in nature. The activation of CCN is parameterized through the use of a Lagrangian parcel model that considers ambient cloud conditions for the nucleation of cloud droplets from aerosol. These new additions were tested in simulations of a supercell thunderstorm initiated from a warm, moist bubble. Model response was explored in regard to the microphysics sensitivity to the largedroplet mode, number concentrations of CCN and GCCN, size distributions of these nuclei, and the presence of nuclei sources and sinks.
Introduction
The simulation of cloud microphysics in mesoscale and cloud-resolving models can be done by following either a full bin-resolving approach or a bulk microphysics approach. In the former, the hydrometeor size spectra are explicitly resolved in a set of bins. For liquid clouds, this approach can involve as many as 70 or more bins in a single-moment scheme or 30 or more bins in a two-moment scheme (Berry 1967; Tzivion et al. 1987; Kogan 1991) . This approach requires large amounts of computational time and memory, and, thus, the binresolving approach is generally limited to simple cloud systems (e.g., Kogan 1991; Feingold et al. 1988; Ovtchinnikov and Kogan 2000) . As a result, most mesoscale and storm models use the bulk microphysics approach. This approach follows the lead of Kessler (1969) in which the liquid drop spectrum is partitioned between cloud droplets and raindrops. Raindrops are assumed to be distributed in an exponential, or Marshall-Palmer, spectrum, which forms from collected cloud droplets by continuous accretion. The initial formation of raindrops is parameterized by what is called an autoconversion process. Kessler hypothesized a simple linear relationship as a function of cloud liquid water content for autoconversion. Manton and Cotton (1977) used simple dimensional analysis arguments to extend this concept to include the influence of varying cloud droplet concentrations. A number of researchers have used a more formal approach in which simple closed-box calculations are used to form empirical autoconversion parameterizations (Berry 1967 (Berry , 1968 Cotton 1972; Berry and Reinhardt 1974) . A more sophisticated approach is that of Khairoutdinov and Kogan (2000) , who derived an autoconversion parameterization from the statistical analysis of large-eddy simulations (LES) of the stratustopped marine boundary layer with bin-resolved microphysics. The scheme was then tested in the LES framework against LES with bin-resolved microphysics. Another feature of their scheme is that cloud condensation nuclei (CCN) activation and sources and sinks are explicitly parameterized, whereas other autoconversion schemes simply use CCN concentration as being the same as droplet concentration.
Most mesoscale models like the fifth-generation Pennsylvania State University-National Center for Atmospheric Research Mesoscale Model (MM5; Hsie and Anthes 1984; Dudhia 1989) , the Advanced Regional Prediction System (ARPS; Souto et al. 2003) , the Goddard Cumulus Ensemble (GCE; Tao et al. 1989) , and the Weather Research and Forecasting model (WRF; Hong et al. 1998; Zhao and Carr 1997) follow the above Kessler paradigm with extensions to ice-phase clouds that generally follow Lin et al. (1983) and Rutledge and Hobbs (1983) . Only a single moment, such as the mixing ratio of each hydrometeor species, is generally predict-
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ed. It has become more common in recent years for bulk microphysics schemes to predict two moments, such as the hydrometeor mixing ratio and concentration (Ferrier et al. 1995; Meyers et al. 1997; Reisner et al. 1998) . A somewhat different paradigm is to emulate an explicit bin model by prescribing basis functions for the drop size distributions, such as gamma or lognormal distributions (Clark 1976; Clark and Hall 1983) , and to predict explicitly the evolution of those basis functions by vapor deposition/evaporation, stochastic coalescence, and sedimentation. Tzivion et al. (1994) predict three parameters that fully define the basis functions: mixing ratio, number concentration, and median radius. The parameterization scheme we describe in this paper follows the latter paradigm.
Our motivation for developing a new microphysics parameterization in the Regional Atmospheric Modeling System (RAMS) developed at Colorado State University (CSU) came from Verlinde et al. (1990) , who showed that analytical solutions to the collection equation were possible when applied to predictions of the hydrometeor mixing ratio and concentrations. They showed that solutions to the full stochastic collection equation can be obtained if the collection efficiencies are held constant. This approximation is also typically used in classical bulk parameterization schemes that follow Kessler's (1969) basic approach. Walko et al. (1995) describe the implementation of this approach in RAMS for prediction of hydrometeor mixing ratios. An important aspect of the implementation strategy was the use of lookup tables that enabled fast and accurate solutions to the collection equations. Meyers et al. (1997) then extended this approach to two moments of the hydrometeor spectra: mixing ratio and number concentration. Also, in Verlinde et al. (1990) and subsequent implementations in RAMS, the Kessler-type exponential or MarshallPalmer basis function for hydrometeor spectra was abandoned in favor of a generalized gamma distribution function,
where n(D) is the number of particles of diameter D, N t is the total number of particles, is the shape parameter, and D n is some characteristic diameter of the distribution. The Marshall-Palmer (exponential) and Khrgian-Mazin distribution functions are special cases of this generalized function. Owing to the use of lookup tables, it became apparent that it is no longer necessary to constrain the system to constant or average collection efficiencies. Thus, Feingold et al. (1988) replaced the formerly ad hoc autoconversion formulations in RAMS with full stochastic collection solutions for self-collection among cloud droplets and for rain (drizzle) drop collection of cloud droplets. The lookup tables were then computed using realistic collection kernels from Long (1974) and Hall (1980) rather than constant collection efficiencies used in earlier versions of RAMS. The philosophy of bin representation of collection was also extended to calculations of drop sedimentation. Bulk microphysics schemes have previously treated sedimentation of hydrometeors by integrating over the entire particle size spectra and obtaining a mass-weighted fall speed. The closest agreement between a full bin-resolving microphysics model in an LES of marine stratocumulus cloud and the bulk microphysics representation was obtained (Feingold et al. 1999 ) when both collection and sedimentation were simulated by emulating a full-bin model with 36 bins. Bin sedimentation is simulated by dividing the gamma distribution into discrete bins and then building lookup tables to calculate how much mass and number in a given grid cell fall into each cell beneath a given level in a given time step. Up to this point, the model did not explicitly represent the nucleation of cloud droplets on specified or predicted CCN. CCN was used as an input variable to define the concentration of cloud droplets, but explicit nucleation and vapor growth were not represented. The cloud droplet spectrum mentioned here was also limited in its size range from about 2 to 40 m in diameter. The next size of liquid hydrometeor species was the rain category, which is considerably larger than these droplets. To improve these limitations to the RAMS model, explicit nucleation of cloud droplets via parameterized activation of CCN and/or giant CCN (GCCN) has been added, as well as a second cloud mode of large cloud droplets with diameters from 40 to 80 m. The 40-m division between the two modes is natural because it is well known that collection rates for droplets smaller than this size are very small, whereas droplets greater than this size participate in vigorous collision and coalescence (Pruppacher and Klett 1997) . Moreover, the new largecloud-droplet mode, in combination with the traditional single mode of cloud droplets, permits representation of the bimodal distribution of cloud droplets that is often seen in clouds (Hobbs et al. 1980) . The introduction of prognostic number concentration of cloud droplets, through activation of CCN and growth of solution droplets, provides a more physically consistent calculation of the amount of droplet mass and number.
The new droplet category joins the seven other hydrometeor species that are accounted for in RAMS. These are as follows: small cloud droplets, large cloud droplets, rain, pristine ice, snow, aggregates, graupel, and hail. The large-cloud-droplet mode (hereinafter referred to as cloud2) is allowed to interact with all other species, similar to the small-droplet mode (hereinafter referred to as cloud1). Cloud2 plays a significant role in the collision-coalescence process by requiring droplets to grow at a slower rate as they pass from cloud1 to rain, rather than being transferred directly from cloud1 to rain. There is also a significant impact by cloud2 upon ice formation, because two modes now exist and are allowed to participate in homogeneous freezing nucleation, secondary ice production through
the Hallett-Mossop processes, and collisions with ice species. Prognostic number concentration of both cloud modes has been also been introduced into the model microphysics. This introduction was made possible through use of a Lagrangian parcel model, which is discussed in Heymsfield and Sabin (1989) and Feingold and Heymsfield (1992) . The parcel model has made it possible to construct lookup tables, for use in the RAMS cloud droplet nucleation routine, that predict the percent of CCN to activate, depending upon model atmospheric conditions. CCN (GCCN) are assumed to be ammonium sulfate (sodium chloride) particles that activate and grow by vapor diffusion into cloud1 (cloud2) droplets.
Sensitivity tests have been performed in three-dimensional, homogeneous, idealized convective environments that were initiated with a warm bubble and a convective sounding. Such tests were performed to examine the model sensitivity to variations in the cloud droplet spectrum, CCN and GCCN number concentrations, and the treatment of aerosol sources and sinks.
Lagrangian parcel model
The Lagrangian parcel model (Heymsfield and Sabin 1989; Feingold and Heymsfield 1992 ) approach used in the prediction of cloud droplet nucleation follows the Köhler equations and cloud droplet growth formulation from Pruppacher and Klett (1997, 506-513) . The parcel model is activated with user-specified environmental conditions and a CCN population; the model performs time integrations of droplet formation and growth as it lifts an individual parcel, thereby allowing CCN to deliquesce, activate, and grow from haze particles to cloud droplet sizes. The percentage of CCN that result in the formation of cloud droplets is then used in the parameterization of cloud droplet formation in the mesoscale RAMS.
The parcel model solves the set of ordinary differential equations that define the microphysics of cloud droplet growth from deliquesced aerosol and the dynamical influence of a rising parcel of air. Starting at time zero, a parcel that contains a distribution of dry CCN is deliquesced and lifted by an established vertical velocity and time step interval. The variable coordinate ordinary differential equation (VODE) solver (Brown et al. 1989 ) proceeds through the following equation set to solve iteratively the droplet growth equation while considering the time rate of change of the saturation ratio, temperature, air and droplet solution density, liquid water content, and air pressure of the parcel during lifting.
From a given number concentration and median radius of CCN, the parcel model represents the CCN spectrum as a binned lognormal distribution:
Here, r is the bin radius, N(r) is the number concentration of CCN for a given radius bin, N t is the total number concentration of CCN, is the distribution breadth parameter, and r g is the distribution median radius. This distribution breaks up the total CCN number concentration into 200 mass bins ranging from 10 Ϫ17 to 10 Ϫ8 g, with a distribution breadth of ϭ 1.8. Bin radii are diagnosed from the mass and density of the solute mass; the CCN are assumed to consist of ammonium sulfate, with a dry density ccn ϭ 1.769(g cm Ϫ3 ). A formulation is first needed for initial growth by vapor diffusion from a dry CCN distribution to a distribution of solution droplets in supersaturated conditions. The model first represents deliquescence of CCN from the dry distribution by establishing a distribution of solution droplets that are unactivated and in equilibrium at the given initial saturation ratio. The model assumes that the unlifted parcel has been at the initial, unsaturated relative humidity long enough for soluble material to deliquesce and reach equilibrium diameters. This assumption is not particularly unreasonable for generally small CCN (Pruppacher and Klett 1997) . The unactivated spectrum of solution droplets in equilibrium with an initial subsaturated relative humidity is calculated iteratively from the following form of the Köhler equation:
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sat,w w ws 0 in which S ,w is the saturation ratio, e r is the vapor pressure over the solution droplet, e sat,w is the saturation vapor pressure over water, M w is the molecular weight of water, s/r is the surface tension of the solution droplet, ᑬ is the universal gas constant, T is ambient temperature, w is the density of water, is the fraction of CCN soluble material, r is the equilibrium radius of the solution droplet, r 0 is the dry radius, is the number of ions into which an ammonium sulfate molecule dissociates, s is the molal osmotic coefficient, and M s is the molecular weight of the solution constituent. The value of s was determined from a polynomial fit to the values of the van't Hoff factors from Low (1969) for an ammonium sulfate composition at ϩ25ЊC and 1atm. Upon computation of the equilibrium droplet diameters, the model initiates a time integration of the following set of equations to determine the solution droplet growth rate for the given ambient conditions. The given parcel is lifted at 5-m increments from 300 up to 50 m beyond the point at which maximum supersaturation is reached. The model time step is computed as the vertical grid spacing divided by the given vertical velocity; thus, this time step will vary as the model is run for different vertical velocities. As the parcel is lifted, the droplet growth equation determines the evolution of droplet sizes for each bin in the CCN distribution. For each mass bin, the growth equation is calculated as
where S ,w is the supersaturation, T is the ambient temperature, L is the latent heat of vaporization, is the D* modified diffusivity, and is the modified thermal conk* r ductivity. The y term considers curvature and solute effects and is given as
in which s is the droplet solution density. The diffusivity and thermal conductivity, modified to consider gas kinetic effects, are
The coefficients ⌬ and ⌬ T are the vapor and thermal jump lengths that vary with temperature and pressure, ␣ c ϭ 0.042 and ␣ T ϭ 0.96 are the condensation and thermal accommodation coefficients, is the moist air density, c p is the specific heat at constant pressure, and R is the water vapor gas constant. At the initial model start, the droplet growth equation is calculated from the initial values for pressure, temperature, and saturation. The model then computes the time derivatives of the solution density and air density, respectively, as
in which p is air pressure and R d is the dry gas constant. The derivative of the droplet spectrum liquid mixing ratio, dX L /dt, is then computed by reformulating the droplet growth equation to represent the mass growth rate and then summing the mass calculation over all distribution bins. Calculating dX L /dt in this manner accounts for the possibility that some of the droplets in the large mass bins are not yet at equilibrium (Heymsfield and Sabin 1989). In this manner, the parcel model will account for the length of time needed for solution droplets of differing sizes to potentially activate and grow. Upon computation of the derivative of liquid mixing ratio, the time derivative of the saturation ratio of the ascending parcel can be determined as where g is gravity and w is the vertical velocity. The first term is the vapor contribution from parcel lifting and the second term is the vapor that is depleted from droplet growth. The time derivative of parcel temperature during ascent is also a function of the derivative of liquid mixing ratio; it is assumed to undergo dry adiabatic lifting and is influenced by latent heat release from vapor condensation:
Within the same time step, d/dt and dX L /dt are then recalculated from the updated value of dT/dt; these new values then feed into recalculations of ds/dt and dT/dt as the final time step adjustment. This equation set is solved iteratively for each time step, using the VODE solver. This process is repeated in the model for successive time steps and vertical intervals until the maximum supersaturation is reached. Once the parcel has reached maximum supersaturation, it is allowed to lift another 50 m to allow time for CCN activation. Beyond the point of maximum supersaturation, the rate of vapor diffusion toward solution droplets matches or exceeds the rate of vapor supply from the lifting of the parcel. The given number of activated droplets is then computed to determine the percentage of initial CCN that deliquesce, activate, and grow to cloud droplet diameters greater than 2 m. Within the parcel model integrations, a number of assumptions are necessary to limit the degrees of freedom and the subsequent lookup-table array dimensions. Upon extensive testing, it was decided to allow the model realizations to vary in four dimensions with temperature, vertical velocity, concentration of CCN, and median radius of the CCN distribution. The distribution breadth parameter, initial relative humidity, ambient air pressure, and CCN chemistry were held constant because these produce the least relative variability in the results. Tests of various initial relative humidity values from 85% to 99% result in only small variations in the final percentage of activated CCN in comparison with the dependence of the free variables mentioned above. The resulting cloud droplet nucleation lookup table is arranged as a four-dimensional data array that contains the percentage of CCN that activate in the parcel and grow to the minimum cloud droplet size. Each of the four dimensions (temperature, vertical velocity, CCN concentration, and CCN median radius) is varied in the parcel model, which results in varying percentages of CCN that eventually form cloud droplets.
At the outset of the parcel model, the free variables
Normalized CCN mass and number distribution on a lognormal scale. Plot displays the maximum and minimum median radii allowed for CCN in RAMS. Distributions for different radii are similar except displaced along the CCN mass scale. Note the difference in bin location between the peaks of the concentration of mass and number for a given radius. The largest amount of number is located in the smaller mass bins. were run over the following range of possible atmospheric values: CCN concentration from 10 to 10 000 cm Ϫ3 , vertical velocity from 0.01 to 100 m s Ϫ1 , temperature from Ϫ30Њ to 30ЊC, and CCN median radius from 0.04 to 0.96 m. The initial pressure was fixed at 600 hPa, and the initial relative humidity was set at 99%. Figure 1 shows the normalized distributions of CCN mass and number versus bin mass for the range of median radius. Parcel model results reveal that the largest percentage of CCN result in droplet formation under conditions of low temperature, strong updraft velocity, large median radius, and small CCN number concentration. Figure 2 displays plots of these results in which each of the four variables was allowed to vary in increments over its range while the other variables were held constant at a midrange atmospheric value.
The plot of temperature dependence is somewhat misleading because it should be expected that equilibrium droplet sizes and growth rate should be greater at warmer temperatures. This would be the case for stationary growth, but the parcel considered here is being lifted to the point at which maximum supersaturation occurs. There are competing effects for CCN activation between the supersaturation needed to keep a solution drop at equilibrium [Eq. (3)] and the time rate of change of supersaturation with height as a parcel is initially lifted
. As the temperature decreases, the supersaturation needed to keep a solution drop at equilibrium increases, but the time rate of change of supersaturation of a lifted parcel also increases. Equation (8) varies as T Ϫ2 while Eq. (3) varies at T Ϫ1 ; thus, the rate of change of supersaturation is the dominant factor here, and we see higher supersaturations and greater percentages of CCN being activated at lower temperatures. As a result, a colder parcel is lifted over a greater depth before maximum supersaturation is reached. In the absence of very strong vertical velocity, a lifted parcel typically reaches its maximum supersaturation within 100 m of the cloud base. The increased supersaturation and lifting in colder conditions allows more CCN to be activated and grow by vapor diffusion into cloud droplets.
The inclusion of the variable median radius is a necessary addition to the parcel model because it drastically affects the percent of CCN that activate. This allows for shifting of the nuclei spectrum in RAMS to smaller sizes upon activation of the larger aerosol, which results in a decrease in percentage of possible CCN to activate. It also allows a shifting of the spectrum to larger sizes upon evaporation of liquid droplets and restoration of CCN. The median radius (r g ) can be approximated by the following equation in which is the density of the solute mass of CCN or GCCN, N is the number concentration (cm Ϫ3 ), and m is the total mass (g):
The parcel model was also run for GCCN with median radii from 1 to 5 m and concentrations from 10 Ϫ5 to 10 Ϫ1 cm Ϫ3 . Results reveal that nearly all deliquesced GCCN activate and grow as solution droplets to sizes beyond the cloud droplet threshold size for all environmental conditions allowed in the model; thus, lookup tables are unnecessary. The underlying assumption here is that all GCCN will deliquesce and reach equilibrium; this assumption is problematic because the time required for nuclei to reach equilibrium increases with increasing size. Despite the relatively long time needed for GCCN activation, it has been shown that the presence of GCCN is highly influential in rain formation, especially in clouds that are very colloidally stable (e.g., Johnson 1982; Tzivion et al. 1994; Cooper et al. 1997; Feingold et al. 1999) . Large-sized GCCN were shown to accelerate and to participate actively in collision-coalescence with existing cloud droplets, thereby leading to a more rapid broadening of the droplet spectrum and transition to rain. The large end of the GCCN distribution used here would effectively participate in collision-coalescence, and the small end of the distribution would, indeed, have enough time to reach equilibrium. Because we currently cannot account for the time factor in GCCN reaching equilibrium and we cannot account for GCCN collision-coalescence, we must assume in the meantime that GCCN have reached equilibrium size if we want to include the influence of GCCN in the model.
RAMS microphysics enhancements a. General RAMS modifications
Within the RAMS microphysics, the cloud2 mode was added as a new microphysics hydrometeor species with a diameter from 40 to 80 m. Because the cloud2 mode is not considerably larger than the cloud1 mode (2-40 m in diameter), it makes use of the cloud1 mass and fall-velocity power-law relations and the mass-dependent equations for calculating the collection efficiency of droplet-ice collisions. The cloud2 droplets are also considered large enough to participate in the Hallett-Mossop ice-splintering process (Hallett and Mossop 1974) . The RAMS ice-splintering parameterization, described in Cotton et al. (2003) , is based on an empirical formula from Mossop (1978) that depends upon the number concentrations of cloud droplets greater than 24 and less than 13 m in diameter. The cloud2 mode is considered in the condensation, evaporation, bin sedimentation, and homogeneous freezing processes; these droplets are considered to be small enough that droplet temperature can be diagnosed from a heat balance equation rather than from individual internal heating calculations (Walko et al. 2000) .
b. Large-droplet mode and collision-coalescence
The binned collection process in RAMS uses the mass doubling of bins from Tzivion et al. (1987) . For liquidphase hydrometeors, the following collisions are possible: cloud1-cloud1, cloud1-cloud2, cloud2-cloud2, cloud1-rain, cloud2-rain, and rain-rain. The cloud1-mode diameter extends to 40 m (bins 1-11), cloud2 extends from 40 to 80 m (bins 12-15), and rain is greater than 80 m (bins 16-36). Because cloud2 comprises the fewest bins, the mass within this range still remains relatively small in comparison with the other two liquid species. Figure 3 provides a view of the three spectra of liquid hydrometeors. Inclusion of the cloud2 mode now requires that cloud1-cloud1 collisions must first enter the cloud2 mode instead of directly entering the rain category. Cloud1-cloud 2 and cloud2-cloud2 collisions can directly enter the rain category. Cloud1 droplets that engage in the collision-coalescence process will begin growing and will be forced to enter the cloud2 category before transferring to rain. This requirement tends to slow the growth rate into rain and, therefore, delays the onset of precipitation and limits the surface accumulation of rain.
c. CCN and giant-CCN degrees of freedom
RAMS now has available the options for both oneand two-moment prediction for the cloud1 and cloud2
3. Droplet spectra for the rain and dual-cloud-droplet hydrometeor categories. For comparison with the small-cloud-droplet mode, the number concentration for the given diameter is exaggerated for the rain and large-cloud-droplet modes.
categories. The new two-moment prediction considers formation of cloud1 (cloud2) droplets by activation and vapor growth of CCN (GCCN). With one-moment prediction of cloud2, acquisition of the cloud2 mixing ratio comes solely from hydrometeor transfers by collisioncoalescence. This limit slows the transitional growth from cloud1 to rain by providing this intermediate category. In the two-moment prediction of cloud2, GCCN activate and grow to enter the large-droplet category, which tends to speed up the production of rain because these droplets are already of appreciable size.
CCN and GCCN are also allowed another degree of freedom concerning source and sink options. Nuclei may be treated with one of the following options: 1) nuclei number and mass can remain constant throughout a simulation, 2) nuclei can deplete their source upon activation, or 3) nuclei can both deplete upon activation and reform upon evaporation of liquid hydrometeors. When CCN deplete and/or replenish, the available nuclei mass is tracked so that the median radius can be recalculated at each time step. When considering dissolved nuclei within hydrometeors, only the mass is tracked because this parameter is conserved after droplet formation; number concentration can be diagnosed upon liquid hydrometeor evaporation. Upon droplet evaporation, the model determines the number of droplets that evaporate and the liquid water that returns to the vapor state. Because CCN are only restored upon the complete evaporation of a droplet, the model computes the number of totally evaporated droplets and the corresponding liquid water. The ratio of liquid water in the totally evaporated droplets to the total cloud droplet water content is determined, and then this ratio is used to return a corresponding amount of dissolved CCN mass contained with the hydrometeors. Each evaporated cloud droplet simply produces one CCN back to the atmosphere. From the restored mass and number, the median radius of the restored droplets can be calculated from Eq. (10).
d. Activation process for CCN and giant CCN
If both cloud1 and cloud2 are predicted with two moments, and CCN and GCCN are allowed to deplete upon activation and replenish upon liquid hydrometeor evaporation, then the following process occurs. At the first time step, the cloud droplet nucleation routine obtains the user-specified field of nuclei (cm Ϫ3 ) and the median radius of the distribution. The user may specify the number concentration with a single value that creates a homogeneous field, a vertical profile, or a 3D heterogeneous field that can be vertically and horizontally advected and diffused. From the radius and CCN number concentration, the CCN mass can be calculated from the nuclei-spectrum lookup tables.
The nuclei-spectrum lookup tables are essentially lognormal distributions of CCN/GCCN, given the median radius, number concentration, and the density of the solute mass. The sum over all bins of the distribution provides the CCN/GCCN total number concentration and mass. Each table delineates between CCN and GCCN and contains 200 mass bins (from 10 Ϫ19 to 10 Ϫ8 g for CCN, and from 10 Ϫ14 to 10 Ϫ5 g for GCCN) and 14 possible median radii (from 0.01 to 0.96 m for CCN, and from 1.5 to 5.5 m for GCCN). Each distribution initially divides up the mass of only one CCN or GCCN (cm Ϫ3 ) of a given size; thus, to obtain the true distribution at a grid point, each bin of the set distribution for one CCN is multiplied by the true number of nuclei that activate at a given time. The total mass, corresponding to the number of CCN, is determined by summing the mass in each bin of the distribution until this number is reached.
Cloud droplet formation takes place within the microphysics module if excess vapor exists and if the number of available nuclei that can activate is greater than the number of cloud droplets than nuclei. This prevents are ''soaking up'' of all excess vapor by potentially activated nuclei before vapor diffusion toward preexisting cloud droplets can take effect. As mentioned previously, it is assumed that 100% of GCCN can undergo growth by vapor diffusion in supersaturated conditions, regardless of other ambient conditions. The percentage of available CCN that can absorb excess vapor and form into cloud1 droplets is determined from the cloud droplet nucleation lookup table. Information concerning the temperature, vertical velocity, CCN concentration, and CCN median radius is fed into the lookup table, and an interpolated value is retrieved. This value is then multiplied by the number concentration of CCN located at the given grid point to determine the number of cloud droplets that form.
CCN and GCCN complete for vapor to form into cloud1 and cloud2 droplets, respectively. Excess vapor is diffused to each nuclei category based on the relative ratio of the total surface area of all nuclei that can activate in each category. Given that the number concentration of CCN is typically from five to eight orders of magnitude greater than that for GCCN, only a relatively small amount of vapor is typically allotted toward droplet growth from GCCN, which allows GCCN to participate without consuming large amounts of excess vapor. GCCN have a large effect in terms of influencing collision-coalescence through the cloud2 mode without largely depleting the vapor supply to activated CCN.
It is assumed for both CCN and GCCN that the largest nuclei in each category activate first. The total mass that corresponds to the number of CCN is determined from the nuclei-spectrum lookup tables by summing the accumulated mass bins until the number is reached. Figure  4 shows sample normalized accumulated mass and number curves used for these calculations. Because mass begins significant accumulation before number, it leads to overdepletion of CCN mass. A truncation bin was introduced so that the mass distribution would be slightly altered and would not allow mass to be depleted before number. Mass and number are depleted from the nuclei source in the atmosphere and deposited in the variable that holds the nuclei mass contained within the cloud1 or cloud2 categories.
e. Nuclei mass transfer and restoration
Following the cloud droplet formation process, the CCN mass that is contained within hydrometeors must be tracked so as to restore the nuclei upon evaporation. This ''dissolved'' nuclei mass is transferred between hydrometeor holder categories whenever hydrometeors transfer between species. This is accomplished by transferring relative percentages of mass. For example, if 50% of the cloud1 mixing ratio is transferred to rain because of collisions with raindrops, then 50% of the dissolved CCN mass contained within the cloud1 category is transferred to the holder variable for rain. This transfer technique holds true for all possible transfers in the microphysics, including those resulting from collisions, melting, heterogeneous and homogeneous ice nucleation, and sedimentation. The scalar variables containing the dissolved aerosol mass are then allowed to advect and diffuse, similar to all other hydrometeor scalar variables. Fields of hydrometeor mass and dissolved aerosol mass remain highly correlated over time, with regions of maximum hydrometeor mass coinciding with maxima in dissolved aerosol mass.
During the vapor diffusion process, both evaporation and sublimation can take place if the air is subsaturated. It is assumed that, as liquid droplets evaporate, the dissolved nuclei mass begins to coagulate until it becomes a single dry mass once the entire hydrometeor has evaporated. Because the ice-phase hydrometeors sublimate, it is assumed that the dissolved, sub-CCN-sized particles are released back to the atmosphere but are too small to be significant for droplet formation. During evaporation, the percent of nuclei mass to restore is equal to the percentage of mixing ratio that evaporates from a given hydrometeor type. The RAMS mass-number lookup tables are used to calculate the number of evaporated liquid hydrometeors that corresponds to the lost mass; this number equals the number of restored nuclei. From the obtained mass and number, the nuclei median radius is computed. If the radius is less than (greater than) the threshold between CCN and GCCN, then the nuclei are added to the number concentration of CCN (GCCN).
Model tests with supercell simulations
Test simulations with the addition of the second cloud mode and prognostic cloud-number concentration were performed to examine model sensitivities to the new parameterizations and to compare the model responses with those expected from theory. These simulations were initialized as 3D, idealized, deep convective systems, using a homogeneous convective sounding (see Fig. 5 ) and a warm, moist bubble. The domain is 24 km in depth and 200 km in the horizontal direction. The vertical grid spacing varies from 100 m near the surface to 1 km above 10 km, and the horizontal spacing is 2 km. The warm bubble is 16 km wide and 2.5 km deep, with a temperature that is 3 K warmer than the environment and 20% more moist. The advantage of using a convective simulation is that the system is quasi steady, experiences a broad range of supersaturations, produces liquid and ice hydrometeors, and extends the model microphysics toward its physical limits. These simulations are a test of the robustness of the new parameterization, and no attempt is made to compare results with specific convective events.
These simulations were run with the one-moment version of the RAMS microphysics, with the following exception: two-moment prediction was turned on for pris- tine ice in all simulations and for the cloud droplet modes when CCN or GCCN were allowed to activate. The microphysics was tested in terms of sensitivity to the largecloud-droplet mode, number concentration of CCN and GCCN, and nuclei sources and sinks. The following analyses primarily focus on the influence of the large-droplet mode and activated nuclei on the mixing ratio and number concentrations of cloud droplets and pristine ice, as well as the in-cloud and surface-accumulated rainwater. All vertical cross sections that are discussed and displayed are analyzed as east-west cross sections through the central convective updraft at the chosen times. Model tests are summarized in Table 1 .
a. Effects of the cloud2 category
The first simulations were performed to test the effects of the cloud2 mode as an additional hydrometeor species. Figure 6 reveals time series plots of the domainaveraged cloud1, cloud2, and rain spectra from a simulation designed as the 2D equivalent of the 3D simulation setup described above. This simulation had all three liquid hydrometeor types turned on with prognostic mixing ratio only. Spectrum curves are labeled sequentially at 3-min intervals, starting at 6 min into the simulation. Curve 1 represents the first model time step in which all three liquid hydrometeor types first appear simultaneously. Comparisons of the three spectra over time reveal the initial development of cloud1 and the lack of cloud2 and rain. By 9 min into the simulation (curve 2), cloud2 and rain begin to increase in number and size through autoconversion, at the expense of cloud1. Within 12 min (curve 3), the average rain spectrum has reached its peak at the expense of cloud1 and cloud2, whose curves display a marked decrease that coincides with development of rain. Curves 4 and 5 reveal a shift toward smaller sizes for cloud1 and cloud2 as further droplet formation occurs and the rain spectrum shifts to smaller sizes and decreases in number because of drop sedimentation. Table 2 displays maxima in the accumulated rain at 30 min and in the cross sections of rain mixing ratio and pristine-ice number concentration at 60 min into the model runs. At 30 min into the simulations, the very presence of the cloud2 mode in experiment 2 has greatly reduced the amount of accumulated rainfall when compared with experiment 1. This relationship holds true when cloud1 has two predicted moments (expts 3 and 4) as well. There is also a reduction in rainfall for the two-moment prediction of cloud1 when compared with one-moment prediction (i.e., cf. expt 1 with expt 3 or exp2 with expt 4). The maxima in the cross sections of rain mixing ratio at 60 min into the model run were also examined. The inclusion of cloud2 in experiments 2 and 4 affects the rain category such that there is a large reduction in the overall maximum rain mixing ratio and a reduction in the horizontal and vertical range of influence of high-rain-mixing-ratio air. Comparisons between the one-and two-moment schemes of cloud1
Evolution of the (a) cloud1, (b) cloud2, and (c) rain spectra. Numbered curves are at 1) 360, 2) 540, 3) 720, 4) 900, and 5) 1080 s into a 2D warm-bubble simulation. The plotted spectra are domain averaged over all grid points that contain all three liquid hydrometeor types at the given model time step. show slightly larger maxima in rain mixing ratio in the cloud created by the two-moment scheme; this observation complements the previous comparison in which the two-moment scheme produces a relative reduction in accumulated rainfall. Cross sections of the pristineice mixing ratio and number concentration at 60 min into the model runs reveal that the mixing ratio varies little among simulations but that the number concentration in experiments 1 and 2 is approximately 2 times that of experiments 3 and 4. The important decrease in ice crystal number in experiments 3 and 4 is due to the production of fewer, larger cloud1 droplets by parameterized CCN activation in the two-moment scheme.
The one-moment diagnostic routine forces newly formed cloud droplets to exist initially with the smallest allowed radii; this allows for more numerous droplets to be present, which will freeze at a cold enough temperature to become part of the pristine-ice category.
b. Variations of CCN number concentration
In theory, initializing the model with fewer CCN should limit the number concentration of cloud1 droplets while still taking up a significant amount of vapor. With fewer CCN present in a supersaturated atmosphere, each nucleus can absorb a greater amount of vapor than if a large number of CCN are available (Pruppacher and Klett 1997) . This vapor growth leads to the production of large cloud droplets that can initiate collection and rapidly grow to rain (Telford 1955; Berry 1967) . These fewer, massive droplets rapidly reach a critical size and fall out of the cloud. Test simulations were run with varying number concentrations of CCN: experiments 5 (50 cm Ϫ3 ), 6 (500 cm Ϫ3 ), and 7 (1000 cm Ϫ3 ). Table 3 displays resulting maxima in the accumulated rain at 120 min and in the cross sections of cloud1 and pristineice number concentration at 60 min into the model runs.
At 120 min into the simulation, there is a small but consistent decrease in the maximum total rainfall for a VOLUME 43 corresponding increase in the number concentration of CCN for experiments 5-7. Between simulations, the greatest decrease occurs between experiments 6 and 7 as CCN number approaches 1000 cm Ϫ3 . Because CCN are activated in the model, there is such an abundance of them in experiment 7 that initially few are able to absorb enough vapor to grow to the cloud1 droplet sizes that have substantial collection efficiencies; thus, as expected, a greater CCN number slows the droplet spectrum broadening process. Values of cloud1 number concentration reveal the direct impact of increasing CCN number. For an increasing number of initial CCN, the cloud1 number concentration is increased, but there is a relative decrease in the percent of CCN that activate to form cloud droplets. This process is limited by the amount of excess vapor that is available when cloud1 droplet formation occurs and by the minimum threshold for cloud1 droplet size. Pristine ice is influenced such that an increase in initial CCN corresponds indirectly to an increase in ice crystal number, though the greatest number of crystals appears for the midrange value of initial CCN number. Further investigation reveals that the temperature regime necessary for activation of the Hallett-Mossop process exists in a layer just below a region of high concentration of pristine ice (ϳ8500 m) and in a region of large vertical velocity. The number of cloud droplets with diameters less than 13 and greater than 24 m, which is needed for ideal ice splintering, is maximized for the initial midrange value of CCN number in experiment 6. Experiments 5 and 7 produce fewer, larger droplets and many, smaller droplets, respectively, such that the preferential distribution of cloud droplets needed for secondary ice production is not maximized.
c. Variations of GCCN number concentration
Both CCN and GCCN, with median radii of 0.04 and 3.0 m, respectively, were allowed to vary their initial number concentration to test the relative sensitivity to one another. Table 4 displays resulting maxima in the accumulated rain at 120 min and in the cross sections of cloud1 and cloud2 number concentration at 60 min into the model runs. The rainfall patterns are very similar among simulations, but the maximum rainfall varies by up to nearly 30% from the greatest to least accumulation. There is generally an increase in the rainfall for a decrease in initial CCN and a constant number of GCCN, with the greatest increase occurring between experiments 10 and 11 when the fewest initial GCCN are present. When the number of CCN is held constant and is small (large) and GCCN number are allowed to vary, the result is a relatively small (large) increase in total rainfall for an increase in GCCN number. The greatest total rainfall occurs for experiments 9 and 11 with the fewest CCN, because many of these nuclei, along with the GCCN, result in the formation of large droplets that experience rapid collisional growth into rain. For experiments 8 and 10 with many CCN, the GCCN have a greater impact on rain production because the cloud1 category is inundated with many small cloud droplets that require more time to reach raindrop sizes. Feingold et al. (1999) , Woodcock et al. (1971) , and Takahashi (1976) also found that GCCN are most influential in rain production in continental clouds in which precipitation processes occur slowly in comparison with such processes in maritime clouds.
Despite large differences among the initial nuclei numbers in these simulations, the cloud1 mixing ratio varies only slightly, and the greatest difference in number concentration is due to the difference in the number of initial CCN. There is only a slight reduction in cloud1 number as the number of GCCN is increased. This moderate reduction is due to the competition for vapor that occurs in the cloud nucleation routine. The differences in the mixing ratio and number concentration of the cloud2 mode are more dramatic than those of the cloud1 mode. The largest (smallest) magnitude in mixing ratio and number of cloud2 occurs in experiment 9 (expt 11) with few CCN and many (few) GCCN. The differences in maxima are less dramatic when a large number of CCN are present, though the mixing ratio of cloud2 is slightly greater for a greater number of GCCN. The corresponding number concentrations are more similar, which is attributed to collisional growth of cloud1 droplets to cloud2 sizes; such growth initially adds more number than mass.
d. Introduction of CCN and GCCN sources and sinks
Tests were also performed to examine the influence of CCN and GCCN depletion at the time of nucleation and also the restoration of nuclei upon evaporation of liquid hydrometeors. Figure 7 displays cross sections of cloud1 number concentration for these simulations. Experiment 12 (expt 13) contains the highest (lowest) concentration of cloud droplets at 60 min into the simulation, and experiment 14 displays number concentrations, throughout the cross section, that are slightly higher than experiment 13. Evaporation of liquid droplets is influential in experiment 14 by providing restored CCN to regions of the storm that can reactivate CCN to form cloud droplets and maintain a relatively higher number concentration of cloud1.
The corresponding cross section of CCN number concentration in Fig. 8 reveals a number of interesting effects that the convection has upon the field of CCN. Recall that experiment 12 has a nonchanging CCN field over time and so is not shown. Experiments 13 and 14 reveal a domain maximum of 1200 CCN cm Ϫ3 , located just above the main updraft along the top of the anvil. These values are above the initial concentration of 1000 cm Ϫ3 and are a result of convergence of CCN-rich air over the updraft. The minimum values are located within the central updraft in the storm and in the region of lowlevel entrainment just ahead of the updraft. Experiment 14 contains a similar pattern to that of experiment 13 but with zones of enhanced CCN concentration in regions of maximum evaporation. In experiment 14, CCN concentrations of 200-300 cm Ϫ3 higher than experiment 13 are found below and to the rear of the center of the storm and in advance of the storm in a region of midlevel entrainment.
Conclusions
The CSU RAMS bulk microphysics has been upgraded to include a second mode of cloud droplets with a 40-80-m range in diameter. The inclusion of the second mode better represents the two modes that exist naturally in many environments. The large-droplet mode is shown to slow the process of rain development and/ or reduce the total amount of rainfall relative to only a single mode. Accompanying this upgrade is the development of prognostic number concentration of two cloud droplet modes through the activation of CCN and GCCN and growth by vapor diffusion. Activation of CCN, for nucleation of cloud1 droplets, is possible through a series of nucleation lookup tables that were created by a Lagrangian parcel model that is based upon the Köhler equations. Lookup tables contain the percentage of CCN to nucleate, depending upon atmospheric temperature, vertical velocity, number concen-tration of CCN, and the median radius of CCN. The parcel model revealed that nearly all GCCN are activated for any reasonable range of atmospheric condition, and so tables are not needed for the formation of cloud2 droplets from GCCN. The model user has the freedom to specify the initial fields of CCN and GCCN concentration and the median radius of the nuclei. An option is also available to run the model with no CCN sources or sink, sinks only, or both sources and sinks. CCN mass and number can be removed upon droplet formation, and the mass is tracked within the hydrometeor species; this mass and corresponding number concentration can be restored upon evaporation of liquid hydrometeors. The largest nuclei are activated first, resulting in a shift in the nuclei spectrum and the median radius, which influences the percent that are activated at the following time step.
A dynamic warm-bubble simulation was used for testing because it encompasses a wide range of temperatures, vertical velocities, supersaturations, and hydrometeor types. Test results were analyzed for model sensitivity and for comparison with results expected from theory. The following list summarizes the overall sensitivities as they apply to these simulations: 1) Introduction of the cloud2 mode slows and reduces the production of rain by acting as an intermediate hydrometeor category between cloud1 and rain. 2) Increasing the number concentration of CCN results in an increase in the number concentration and mixing ratio of the cloud1 mode, which, in turn, reduces the surface accumulation of rain. 3) Increasing the number concentration of GCCN results in an increase in the number concentration and mixing ratio of the cloud2 mode. This increase also produces an increase in the surface accumulation of rain. The impact of GCCN on rainfall variation is maximized in situations where a large number of CCN are present, and their impact on the cloud2 mode is maximized in situations in which few CCN are present. 4) The depletion of CCN upon nucleation reduces the overall mass and number of cloud1 droplets and increases rainfall, as compared with the simulation with a nonchanging, homogeneous field of CCN. As compared with the case with only CCN sink terms, the case with both sink and evaporative source terms results in a relative increase in CCN near the surface and to the front and rear of the convective cell in regions of enhanced evaporation.
Further simulations involving less vigorous systems will be used to test more comprehensively the robustness of the RAMS improvements. Icing simulations are under way for a case, occurring from 29 to 30 January 1998, that has been documented and modeled and in which aircraft measurements were taken (results to be presented in forthcoming work). These simulations will be used to test further the new model parameterizations and to examine the links among CCN activation, the large-cloud-droplet mode, and ice formation. These influences are likely of great importance in the challenge of forecasting aircraft-icing events.
